Abstract: Alzheimer's disease (AD) is a progressive neurodegenerative disorder that accounts for the most cases of dementia. AD affects more than 25 million people globally and is predicted to affect nearly one in 85 people worldwide by 2050. AD is characterized by the accumulation of dense plaques of β-amyloid peptide (Aβ) and neurofibrillary tangles of hyperphosphorylated tau that cause impairment in memory, cognition, and daily activities. Although early-onset AD has been linked to several mutations, reliable genetic markers for late-onset AD are lacking. Further, the diagnosis of AD biomarkers has its limitations and cannot detect early-stage AD. The identification of accurate, early, and non-invasive biomarkers for AD is, therefore, an unmet challenge. Recently, microRNAs (miRNAs) have emerged as a novel class of gene regulatory elements with conserved roles in development and disease. Recent discoveries have uncovered roles of miRNAs in several model organisms during aging and have identified potential miRNAs biomarkers of AD. Here we will discuss this emerging field of miRNAs associated with AD and prospects for the future.
Introduction: Alzheimer's disease
Alzheimer's disease (AD) belongs in a class of incurable neurodegenerative diseases, such as Huntington's and Parkinson's, wherein proteotoxic aggregates accumulate with age, leading to progressive and widespread damage to the CNS and, ultimately, death (1) . Although progress has been made in identifying genes associated with these devastating syndromes, the causes of these diseases are not well understood. AD is characterized by the formation of amyloid plaques, which are associated with the loss of neuronal function and neuronal cell death (2) . The environmental or genetic factors that predispose towards the development of AD have been studied intensely for three decades and several genes have been linked with AD (3) (4) (5) (6) . Early-onset, familial AD is rare (estimated prevalence < 1%) and has been associated with autosomal dominant mutations in the genes presenilin 1 (PSEN1), presenilin 2 (PSEN2), and the amyloid precursor protein gene (APP) (4) . These mutations are believed to be responsible for the accumulation of the toxic Aβ amyloid peptide (Aβ 1−42 ) which has a high propensity for aggregation and accumulates in the amyloid plaques that are a hallmark of AD. The Aβ 1−42 peptide is generated by proteolytic cleavage of full-length APP by α, β, and γ-secretases (2, 4). The AD-associated mutations in PSEN1 and PSEN2 have been shown to impair the γ-secretase pathway and cause an increased production of Aβ 1−42 (4) . Similarly, at least 39 mutations in APP have been found which affect its processing and increase the production of Aβ 1−42 (4) . These findings support the "amyloid cascade hypothesis", the idea that the incorrect processing of APP or clearance of Aβ 1−42 is the key trigger of a cascade of events that lead to AD (4) . While mutations in the APP, PSEN1, and PSEN2 genes are the most well-characterized examples of genes that are linked to familial early-onset AD, the major genetic determinant of late-onset AD has been identified as the ε4 allele of the apolipoprotein E (APOE) gene. The role of genetic vs. environmental risk factors in lateonset, sporadic AD are less well-understood but APOE ε4 is associated with a 5-20% overall increased risk in developing AD (5, (7) (8) (9) . In support of the amyloid cascade hypothesis, APOE binds APP and affects the clearance of soluble Aβ 1−42 , but the pathogenic APOE ε4 allele appears to reduce the efficacy of this clearance mechanism (8) (9) (10) . To highlight the complexity in the molecular pathology of AD, mutations of APP, PSEN1, and PSEN2 account for about 5-10% of early-onset AD while the APOE ε4 allele increases the risk of both early-onset as well as late-onset AD but is not sufficient to cause disease (6) . Indeed, while 40-65% AD patients carry the APOE ε4 allele, 20-25% of the general population also carry one or both APOE ε4 alleles (6) . Therefore, many studies have tried to identify novel genetic markers of AD and to date at least 21 additional genetic risk loci have been identified (6) . In further support of the amyloid cascade hypothesis, Down Syndrome patients, which have trisomy of chromosome 21, where APP is located, develop Aβ plaques early in life and are at a higher risk of developing AD (4, 11) .
Beyond genetics, research on AD has also focused on diagnostic approaches by neuropathology and neuroimaging. Neuropathology aims at a definitive diagnosis of AD but is complicated by the fact that most patients with neuropathological disease show concomitant cerebrovascular pathology and significant overlap in AD and Lewy body dementia (LBD) pathology. Moreover, only few patients with definite AD show pathology exclusively associated with AD (4). Neuroimaging, computed tomography (CT), and magnetic resonance imaging (MRI) also help in the diagnosis of AD by excluding other causes of dementia, such as brain tumor and subdural hematoma (4) . CT and MRI identify cerebral atrophy, which is visualized as enlarged ventricles and cortical sulci. However, the great overlap with normal aging and other dementias limit their diagnostic value. However, neuroimaging detects cerebral infarcts and white matter lesions, which are valuable to identify vascular dementia or mixed dementia (4) . Neuroimaging in AD can be carried out by molecular imaging techniques. The main molecular imaging techniques used for imaging in dementia in humans are positron emission tomography (PET) and single photon emission computed tomography (SPECT) (12) . The two main types of PET scanning have been used in AD diagnostics -FDG-PET, which uses the glucose analog 2-deoxy-2-[18F] fluoro-D-glucose (FDG) to measure brain glucose metabolism, and amyloid-PET, which measures Aβ accumulation in the brain (12) . FDG-PET takes advantage of the observation that AD patients frequently present with abnormal glucose metabolism. As glucose is the main source of energy in the brain, reduced uptake of FDG (hypometabolism) is indicative of neuronal dysfunction and is associated with AD (12) . A pattern of hypometabolism has characteristic spatial and temporal signatures with reduced FDG in the parieto-temporal, frontal, and posterior cingulate cortices in early AD patients. FDG-PET has high sensitivity (~90%) for the diagnosis of early AD but it has low specificity (71-73%) in differentiating AD from other dementia (12) . For amyloid-PET, numerous 18 F-labeled tracers have been tested to measure fibrillary Aβ present in neuritic amyloid plaques by PET. The 18 F-labeled amyloid imaging agents that are approved by the Food and Drug Administration (FDA) to evaluate patients with cognitive decline are florbetapir, flutemetamol, and florbetaben (12, 13) . Florbetaben PET has a high predictive value, sensitivity, and specificity that help in reliable detection of amyloid pathology (13) . Florbetapir and flutemetamol also have high median sensitivities and specificities for the detection of Aβ plaques (12) . Although amyloid-PET holds promise for differential diagnosis of dementia, technical considerations are crucial for proper analysis including proper consideration of brain atrophy, reader error, and consistent timing of sample imaging after tracer injection (12) . In addition, both FDG-PET and amyloid-PET are expensive techniques. Although amyloid-PET gives spatial information about the localization of Aβ in the brain, the technique is partially redundant with measurements of Aβ 1−42 from cerebrospinal fluid (CSF). Finally, Aβ 1−42 expression increases with normal aging and overlaps with other dementias, such as Lewy body diseasetherefore, a positive amyloid-PET result is not sufficient for AD diagnosis and other biomarkers and diagnostic tests are of critical importance. According to the National Institute of Neurological and Communicative Diseases and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria for the clinical diagnosis of AD mainly depends on the exclusion of other dementias which leads to low diagnostic accuracy especially in primary care settings and in patients with mild AD. These criteria also fail to address concomitant cerebrovascular disease -therefore, it is not always clear what extent of infarcts, lacunas, or white matter changes are considered normal before assessing it as a mixed dementia. Moreover, AD cannot be diagnosed until patients exhibit dementia (4) . Based on the clinical suspicion or differential diagnosis from other neurological disorders, AD can be confirmed by analysis of total tau (t-tau), phosphorylated tau (p-tau), and Aβ 42 in CSF. These difficulties in early diagnosis of AD emphasize the need for the identification of novel biomarkers for AD. The identification of blood-based biomarkers for AD is an emerging and promising new field. The discovery that miRNAs are expressed in the CSF and that miRNAs can affect longevity and stress resistance in several species suggests the possibility that miRNAs may also have important roles in diseases of aging such as AD. In this review, we will discuss the functions of miRNAs in aging and stress resistance, and consider their possible useful roles as biomarkers of AD.
MicroRNAs
MicroRNAs (miRNAs) are small, endogenous, non-protein coding RNAs, originally discovered in the nematode Caenorhabditis elegans (C. elegans) and found to be present in all plants and animals. miRNAs are synthesized either from introns or from the transcription of miRNA genes present at different loci in the genome. miRNA genes encode for long RNAs with hairpin structure, which are then processed by various RNase III enzymes (Drosha and Dicer) to form small miRNA duplexes of approximately 22 nucleotides in length. One of the strands of miRNA duplex binds to argonaute protein and forms the RNA-induced silencing complex (RISC). The RISC binds a target messenger RNA (mRNA) through miRNA:mRNA complementarity, whereby the miRNA pairs with the target mRNA either to cause mRNA cleavage and/or to induce translational repression. Full complementarity between a miRNA and the ORF of a target mRNA is more common in plants, whereas in animals the more typical mechanism involves translational repression by partial complementarity between a miRNA and the 3′-untranslated region (3′-UTR) of a target mRNA. The 5′ region of a miRNA, or the "seed region", encompassing nucleotides 2-8, is essential for target specificity and is the most conserved region of a miRNA. Perfect or near perfect complementarity between a miRNA seed region and its target mRNA is both necessary and sufficient for target recognition. Mismatches in this core 5′ seed region of a miRNA lead to the loss of miRNA function due to compromised binding to its target mRNA. The loss of miRNA function due to mutations in a miRNA's seed sequence generally cause an upregulation of the target mRNA levels and/or target protein levels, reflecting the reduced levels of target mRNA cleavage and reduced translational repression. A seed region's relatively short length (6-8 nucleotides) is similar to the size of a typical transcription factor's binding site and suggests that miRNAs may have thousands of potential target mRNAs (14, 15) .
miRNA functions in aging
Just as miRNAs were first identified in C. elegans, the discovery of miRNAs that have adult-specific effects on longevity and stress resistance was also first made in nematodes. Early investigations into genetic pathways of aging lead to the discovery in the mid-1990s that genes such as age-1 and daf-2, conserved members of the IGF-1/ insulin-like pathway (IIS), can dramatically affect C. elegans life span (16) . In addition to the IIS pathway, many other pathways and environmental alterations have since been found to alter life span across phyla, such as genes in the TOR pathway, sirtuins, AMPK, cell respiratory genes, dietary/caloric restriction, and low-level stress (hormesis) (17) . The genetic landscape of pathways that affect aging was further expanded by the discovery, in C. elegans, that mutations to lin-4, the founding member of the miRNA family, could have dramatic effects on C. elegans life span (18) . Loss-of-function mutations of the lin-4 result in reduced life span while overexpression of lin-4 increase C. elegans life span and stress resistance (18) . Today, several aging-associated miRNAs have been identified in C. elegans, Drosophila, and in vertebrates ( Figure 1 ). A survey of miRNA genes with adult-specific functions identified four additional miRNAs -miR-71, miR-238, miR-246, and miR-239 -that function to alter C. elegans longevity as well as several novel miRNAs which appear to be expressed only during adulthood (30) . Unlike lin-4, which is essential for proper development, most of these new aging-associated miRNAs had no previously identified functions (30) . Both miR-71 and mR-239 mediate life span at least partially through the conserved IGF-1/Insulin pathway -miR-239 positively regulates expression of AGE-1/PDK-1 while miR-71 downregulates PDK-1 during C. elegans adulthood (30) . Interestingly, miR-71 has also been shown to interact with the DNA damage response pathway by negatively regulating CDC-25.1 during adulthood (30) . Importantly, these aging-associated miRNAs also have roles in the stress response of C. elegans. The shortlived miR-71, mir-238, miR-246 deletion mutants showed increased sensitivity to both heat and oxidative stress, while the long-lived miR-239 deletion mutants exhibited resistance to both heat and oxidative stress (30) . Given that daf-2 in the IIS pathway has been shown to mediate the response to Aβ toxicity in C. elegans (26) and given the role of these aging-associated miRNAs in the stress response of C. elegans, it is possible that these miRNAs may also play vital roles in organismal response of agingassociated neurodegenerative diseases such as AD, which will be discussed further below.
The discovery that certain miRNAs affect life span in C. elegans and the abundance of miRNAs of unknown function across higher eukaryotes has led researchers to investigate the roles of miRNAs during adulthood in other species. Recent research in Drosophila has demonstrated functional roles for several miRNAs, including miR-8, miR-14, and miR-34 in adult life span. In Drosophila, the brain-expressed miRNAs, miR-14 and miR-34, are downregulated and upregulated with age, respectively (31, 32) . Interestingly, miR-34 was also identified as one of the five upregulated miRNAs during C. elegans aging where it Model of the association between selected miRNAs, predicted targets, and phenotypes on life span or age-related diseases. The arrows denote functional or expression relationships that have identified between miRNAs and their targets or with specific phenotypes on life span or age-associated disease states. Note that the arrows only specify association but not the type of regulation (i.e. positive vs. negative regulation). This list is not exhaustive -see text and Table 1 for further details. Conserved miRNAs with already confirmed cross-species function in aging or age-related diseases are offset and highlighted in red.
appears to antagonize longevity (30, 33) . In Drosophila, loss-of-function mutants of both miR-14 and miR-34 display shorter life span via ecdysone signaling. miR-14 affects life span through upregulation of the ecdysone receptor and miR-34 acts through EIP74, an ecdysone-induced transcription factor. The elevated ecdysone pathway in these mir-34 mutants causes neurodegeneration and early death (31, 32) . miR-8 is also associated with modulating life span in flies through its target, the U-shaped gene, which inhibits PI3K in the IIS pathway (34) . Loss of miR-8 also increases atrophin levels, leading to early-onset cell death in the brain and behavioral defects (32, 35) . The fact that miR-8 absence, just like miR-34, leads to neurodegeneration and that it regulates IIS genes, implicates miR-8 as an important genetic modulator of neuronal homeostasis. Notably, miR-8, miR-14, and miR-34 are all highly conserved, suggesting important and possibly conserved roles, across evolution. In mice, several miRNAs have also recently been associated with roles in regulating life span. It has been observed that several miRNAs such as miR-27a, miR-470, miR-669b, and miR-681, which function through insulin/ IGF-signaling pathway, are upregulated in long-lived Ames dwarf mice (19) . Studies of mouse brain have identified four upregulated miRNAs in aging mouse brain -miR-26b, let-7f, miR-17, and miR-10b (20) . Interestingly, many more miRNAs (a total of 71 miRNAs) were downregulated with aging in mouse brain -a pattern that has also been noted during aging in other species (27, 30) . Functionally, the increased expression of at least one miRNA -miR-1-in multiple tissues has been shown to cause premature aging in a mouse model of Hutchinson-Gilford progeria syndrome (32) . miR-1 is known to be upregulated in both progeroid mice and in human Hutchinson-Gilford progeria cells (19) . In progeroid mice, upregulated miR-1 suppresses liver IGF-1 synthesis even in the presence of increased levels of circulating growth hormone (19) . The high levels of circulating growth hormone can contribute to premature aging of progeroid mice (19) . The miR-17-92 cluster, represented by miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1, is conserved among vertebrates, and has been associated with roles in cell cycle, tumorigenesis, and aging. Humans contain two paralogues of the miR17-92 cluster -the miR-106a/363 and miR-106b/25 clusters (28). The miR17-92 cluster has several targets: miR-19a and miR19b-1 bind to the 3′UTR and regulate PTEN function which is involved in cell death. miR-20a targets the 3′UTR of both E2F2 and E2F3 while miR-17 and miR-20a regulate E2F1 expression. This suggests that miR-20a and miR-17 affect the cell cycle as all three E2Fs are involved in cellcycle regulation (28) . Members of the miR17-92 cluster also function in TGβ signaling. miR-17 and miR-20a directly target the TGβ receptor-II, while miR-18a regulates two members of TGβ signaling pathway -Smad2 and Smad4.
As the TGβ signaling pathway mediates longevity in C. elegans and other organisms this offers another possible link between the miR17-92 cluster and aging-associated roles in the mouse. Finally, in several human replicative and organismal aging models, it has been shown that the expression of the members of the miR17-92 cluster is downregulated during aging and senescence, although the mechanism for the downregulation of this miRNA cluster is not yet known (36) . Interestingly, miR-19 also targets and represses PTEN, as observed in mouse primary B-cell culture (37) . By downregulating PTEN, miR-19 activates PI3K pathway, thus promoting the phosphorylation of AKT and also the phosphorylation of the ribosomal S6 protein. This last effect is due to the activation of the mTOR (mammalian target of rapamycin) pathway, where activated AKT/mTOR pathway promotes cell survival (37) . Notably, the AKT/ mTOR pathway is also associated with regulating life span in various model organisms (17) . The proper regulation of miR-19 expression might, therefore, be critical for maintenance of homeostasis in various organism or the cell response to stress (36) . (26) . These results are consistent with previous observations that daf-2 and daf-16 antagonize and promote, stress resistance in C. elegans, respectively. Further, these results demonstrate that previously identified genetic pathways of stress resistance (such as IIS) are relevant to cellular responses to proteotoxicity such as those associated with various diseases of aging. As several miRNAs, such as lin-4, miR-71, and miR-239, have been shown to genetically interact with the IIS pathway and to function in the regulation of pathways of aging and stress resistance (18, 30) , this suggests a possible link between miRNAs that function through IIS pathway and neurodegenerative diseases like AD (26) .
Function of miRNAs in neurodegeneration
In Drosophila, the conserved miRNAs miR-34 has been shown to be essential for normal aging, as described above (38) . Interestingly, miR-34 has essential roles in the maintenance of normal neuronal health in Drosophila brain during aging, indicating that miR-34 provides a link between aging and neurodegeneration in Drosophila (38) . The neuronal brain expression of miR-34 increases during fly aging, in concordance with the upregulation of miR-34 in C. elegans during aging (30, 38) . Studies have shown that miR-34 expression is low during development in flies, increases in young adult and becomes further upregulated with aging -similar to the temporal expression of miR-34 in C. elegans. Furthermore, loss of miR-34 causes no developmental abnormalities, but significantly shortens adult life span and causes aging-associated neurodegeneration (38) . Null mir-34 flies (mir-34 -/-) exhibit brain lesions, stress sensitivity, loss of brain integrity, accelerated brain aging, and various neurodegenerative phenotypes including locomotion defects. In an effort to identify the molecular mechanisms that mediate miR-34 function during adulthood in flies, researchers have identified Eip74EF as a candidate miR-34 target in Drosophila. The Eip74EF gene encodes two protein isoforms -E74A and E74B (referred as the E74A and E74B genes, respectively), both of which share the same 3′UTR and which are involved in the steroid hormone signaling pathways. Mutation of miR-34 predicted-binding sites in the 3′UTR of Eip74EF has confirmed that miR-34 negatively regulates Eip74EF by binding to its 3′UTR (38) . In mir-34 -/-flies E74A protein is upregulated leading to a negative impact on normal aging (38) . Hence, adult-onset expression of miR-34 in adults may function at least in part to suppress E74A expression and thereby prevent the deleterious activity of E74A on brain integrity and viability in adults (38) . Importantly, mir-34 -/-mutant animals showed defects in protein misfolding as evidenced by an increase in the levels of inclusion bodies (38) . As protein misfolding is a hallmark of many human neurodegenerative diseases, researchers tested whether miR-34 overexpression might reduce disease-associated protein misfolding by using animals that express PolyQ, a model for Huntington's disease in fly. Indeed, animals that overexpress miR-34 were shown to be protected from PolyQ aggregation, inclusion formation, and neuronal loss association with PolyQ expression (38) . As AD is characterized by an accumulation of insoluble Aβ 1−42 aggregates, it will be interesting to test if miR-34 overexpression will similarly protect from the toxic effects of Aβ 1−42 in fly. Notably, miR-34 expression increases with age in both C. elegans and humans (30, 39) and it is misregulated in degenerative diseases in humans (40, 41) .
Human disease: miRNAs in AD
Previous studies have demonstrated that specific miRNAs are expressed in the central nervous system (CNS), where they play vital roles in the molecular control of development and aging of the brain, neuronal development, and are associated with neurodegenerative diseases such as AD (22, 24, 25) . miRNAs have been shown to regulate AD-related proteins in the brain, and miRNAs are stable in CSF and blood as they travel through biofluids within exosomes. Furthermore, miRNA levels in biofluids can be easily detected by standard molecular biology techniques such as quantitative PCR (qPCR). Hence, miRNAs are being considered as potential novel biomarkers in AD (24, 42, 43) .
Schipper and colleagues first studied miRNAs as biomarkers in AD by microarray analysis and found that several miRNAs, such as miR-34a and miR-181b, were upregulated in peripheral blood mononuclear cells (PBMCs) in AD patients (44, 45) . Numerous studies on the expression profiling of miRNAs in AD have been carried out in recent years from various biological sources such as peripheral blood, plasma, CSF, serum, brain tissuederived extracellular fluid (ECF) using various techniques such as next generation sequencing, nanostring technology, miRNA PCR array, and qRT-PCR. These efforts, led by a variety of labs, have led to the identification of a number of dysregulated miRNAs in AD (25), which we discuss below.
miRNA profiling of AD
In a study of human brain tissue of AD patients, the expression of miR-9 and miR-128 was found to be elevated in the hippocampus of AD patients (46) . Another study showed that miR-9, -26a, -132, and -146b expression is downregulated and miR-27, -29, -30, -34, and -125b were upregulated in the frontal gyrus of AD patients (47) . An examination of the cortex of sporadic AD patients showed a downregulation of several miRNAs such as miR-181c, -15a, -9, -101, -29b, -19b, and -106b (48) . Notably, miR-9 was shown as downregulated here whereas it was shown to be upregulated in the hippocampus of AD patients (46) (47) (48) . The relevance of this miRNA will be further explored below. Finally, measurements in human CSF have shown that miR-146b and miR-27a-3p are downregulated (47, 49) and miR-30 family members are upregulated in AD patients (25) .
Below we discuss the relevance of miRNAs that were found to be dysregulated in the brain tissue of AD patients and discuss their possible involvement in the pathogenesis of AD.
miR-9
miR-9 is encoded by three different genes and expressed in the neocortex, retina, and fetal hippocampus. miR-9 is a retinoic acid-inducible miRNA that is regulated by NF-kB (25) . It is associated with neurogenesis, morphogenesis, developmental patterning, brain cell proliferation, and glioblastoma (25) . Other expression studies have demonstrated the altered expression of miR-9 in AD brains: Lukiw and colleagues showed an upregulation of miR-9 in the temporal cortex and hippocampus of AD patients (23, 46, 50) . However, Hebert and coworkers reported a downregulation of miR-9 in the cortex of sporadic AD patients (48) . In a mouse model of AD (APPswe/PSΔE9), miR-9 expression was noted to be downregulated in the hippocampus of 6-month-old mice, but not 3-month-old mice (51) . The predicted targets of miR-9 are fibroblast growth factor receptor 1 (FGFR1), CDK6, caudal-type homeobox 2 (CDX2), NFKB1, sirtuin 1 (SIRT1), and RE1 silence transcription factor (REST). miR-9 acts as a guardian of neuronal cells by preventing accumulation of lamin and toxic progerin in these cells, thereby offering HutchinsonGilford progeria syndrome patients some protection from neurodegeneration (21, 22) . miR-9 also negatively regulates nuclear receptor TLX or nuclear receptor subfamily 2 group E member 1 (NR2E1), to promote neural differentiation and prevent stem cell proliferation (22, 24, 52) .
miR-29
The expression of both miR29a and miR29b has been reported as elevated in CSF but decreased in the cortex of AD patients (25) . The altered expression of miR-29 in AD patients is particularly interesting as miR-29a targets beta-secretase 1 (BACE1), an enzyme which promotes the formation of Aβ from APP. Hence, the decrease in miR-29 expression in AD patients is associated with a concomitant increase of BACE1 in these patients, and therefore elevated levels of Aβ (25) . The apparent discrepancy in measurements of miR-29 from different studies may stem from the fact that miR-29a levels in CSF have been shown to be strongly affected by blood contamination. This is a potential drawback to the use of this miRNA in that its levels are strongly correlated to the number of blood cells present in the CSF. Thus, its vulnerability to blood contamination warrants caution in its use as a biomarker in CSF especially for samples collected after a traumatic lumbar puncture. While consideration of these technical challenges will be essential in how miR-29a expression is interpreted, miR-29a remains a promising biomarker for AD (43) .
miR-34
In humans, the miR-34 family consists of three membersmiR-34a, miR-34b, and miR-34c. MiR-34a is transcribed from human chromosome 1p36, whereas miR-34b and miR-34c are co-transcribed from human chromosome 11q23. These miRNAs have different expression profiles, where miR-34a is mainly expressed in the brain and the highest expression of both miR-34b and miR-34c is observed in the lungs. As stated above, miR-34 is known to regulate aging in both C. elegans and Drosophila. Lossof-function mutations of miR-34 increase life span in C. elegans by promoting autophagic flux (33) . In Drosophila, the miR-34c is upregulated with age. Loss-of-function mutants of miR-34 in flies display shorter life span via ecdysone signaling and causes aging-associated neurodegeneration (38) . miR-34 is also a tumor suppressor miRNA that is associated with p53 expression in mouse and human (53) . miR-34a and p53 activate each other, where miR-34a represses many p53 inhibitor genes and p53 induces expression of miR-34a (53) . miR-34a is associated with p53-dependent processes, such as somatic cell reprogramming or inhibition of epithelial-mesenchymal transition (EMT) and metastasis, but not in p53-mediated stress response (53) . Consistent with its role in aging-associated neurodegeneration in flies, miR-34 has also been associated with AD: (i) miR-34a is upregulated in brain tissue and blood mononuclear cells of AD patients, (ii) miR-34a regulates neuronal differentiation and neurite outgrowth, and (iii) miR-34a can inhibit the expression of human tau by binding to its long 3′UTR isoform (29) . In addition, miR-34c also appears to be capable of binding tau 3′UTR and suppress its expression in gastric cancer cells (29) . Further, and consistent with its upregulation during aging in flies (38) , the miR-34c expression also increases in the aging mouse hippocampus, in a mouse model for AD and in the hippocampus of human AD patients (40) . These results demonstrate a possible conserved functional role for miR-34c in neuronal health during aging. In mouse models of AD, miR-34c appears to have a negative effect on memory formation by suppressing hippocampal SIRT1 levels (40) . Indeed, and as a preliminary exploration of possible miRNA therapeutic approaches for AD, injection of a miR-34 inhibitor in a mouse model of AD both restored SIRT1 levels as well as improved memory function in these mice (40) . Together, these data suggest that miR-34 is a promising biomarker in AD and that miR-34c is a candidate target for AD therapeutics (40) .
miR-106b
miR-106b belongs to the miR-20a microRNA family. miR106b is highly expressed in human brain and its expression significantly decreases in AD patients (54) . Studies have not determined whether decrease in miR-106b expression can be beneficial or detrimental to AD patients for two reasons: i) miR-106b decreases ATP-binding cassette transporter A1 (ABCA1) levels, which leads to impaired cholesterol efflux in neuronal cells and increase in Aβ levels (55) and ii) miR-106b suppresses the expression of APP, which may prevent Aβ accumulation (55) . miR-106b is involved in neuronal differentiation and targets genes that control the cell cycle such as cyclin-dependent kinase inhibitor 1A (p21) and the E2F transcription factor (25, 55) . Therefore, miR-106b might have an important role in the pathogenesis of AD.
miR-125b
miR-125b is an extensively studied miRNA and is found in human brain and retina. miR-125 is a particularly interesting candidate of AD-associated miRNAs as it is the human ortholog of lin-4 in C. elegans -the first miRNA shown to regulate organismal life span (18) . In C. elegans, lin-4 promotes longevity via downregulation of its target, the transcription factor LIN-14, and concurrent derepression of the conserved pro-longevity and -stress resistance transcription factors DAF-16/FOXO and HSF-1 (18) . Therefore, it is of particular interest that miR-125b expression is shown to be in upregulated in AD patients (50) . In mammals, miR-125 has been shown to have an important role in the mammalian neuronal development and in neuronal differentiation during retinal development (52) . Its regulatory role on the nervous system is partially due to the fact that miRNA-125b downregulates target genes that need to be turned off for proper neuronal development such as itchy E3 ubiquitin protein ligase, and diacylglycerol O-acyl-transferase 1 (22) . It is known that elevated miR-125b downregulates synaptic protein synapsin-2 (SYN-2) and 15-lipoxygenase (15-LOX) thereby potentially causing pathogenic effects of AD such as synaptic and neurotrophic deficits and astrogliosis (50) . As AD is associated with the innate immune system and the inflammatory response, it is also likely relevant that miR125b appears to regulate factors involved in the innate immune system and in the pro-inflammatory response, such as complement factor-H protein (CFH) and interferon regulatory factor 4 (IRF4). miR-125b has predicted tandem binding sites on the 3′UTR of human CFH mRNA and it represses CFH expression in human primary astroglial cells and it also downregulates interferon regulatory factor 4 (IRF4) to activate immune response (52) .
miR-146a
Another miRNA with possible links to AD via the inflammatory response is miR-146a which is a proinflammatory miRNA that is regulated by NF-kB (50) . Previous studies have shown that miR-146a is highly upregulated in AD brain specifically in the temporal cortex and in the hippocampus (24, 50) . The upregulated miR-146a in AD brain potentially targets inflammation-related and membraneassociated mRNAs, such as interleukin-1 associated kinase-1 (IRAK-1), a component of the innate immune response (50) . Just like miR-125b, elevated miR-146a is known to have multiple binding sites in CFH mRNA 3′UTR and thus also potentially downregulates CFH (22, 50, 52) . As a candidate AD biomarker, miR-146a is detectable in CSF but care must be taken in interpreting these values, because just like miR-29a, miR-146a levels are also influenced by blood contamination (43) .
miR-155
A final miRNA that is associated with the inflammatory response is miR-155 which is a proinflammatory miRNA expressed in human neocortex and retina and is similarly regulated by NF-kB, as well as cytokines (52, 56) . Studies have demonstrated that miR-155 is abundantly expressed in AD ECF and CSF (56) . miR-155 is known to have binding sites in human CFH mRNA 3′UTR; miR-155 binding sites in CFH 3′UTR are, in fact, overlapping with miR-146a binding sites, which may be due to their related ribonucleotide sequence. miRNA-155 and miR146a are known to contribute to altered innate immune responses and inflammatory neuropathology (52, 56) . Studies have shown that miR-155 regulates functions of T-cells during inflammation, where proper regulation of various T-cells can reduce AD-related pathologies. Therefore, not only is miR-155 a possibly valuable candidate AD biomarkers but a possible therapeutic target for AD (57) .
In addition to the above-described miRNAs, several other miRNAs are associated with AD such as miR-107, miR-124, miR-132, miR-137, and miR-148a that are involved in tau phosphorylation, neuronal differentiation, APP processing, neuroinflammation, and cell cycle (22, 24) .
RNA-based therapeutics in AD
As discussed here, miRNAs are an emerging class of biomarkers for AD due to their high abundance in the brain, CSF, and ECF. Additionally, the differential expression of several miRNAs in AD patients, and the identification of several miRNAs in model organisms with functions in stress resistance and neurodegeneration highlight likely critical roles for miRNAs in disease progression and possible new targets for therapeutics. Aberrant miRNA expression has been studied and analyzed using animal models of neurodegenerative disorders and, given the conservation of many miRNAs in pathological pathways, the results obtained from studies in model organisms are expected to inform on the pattern of expression and function of homologous miRNAs in human tissue (44, 58, 59) . Further, the study of conserved genes and pathways that are regulated by AD-associated miRNAs will help in expanding the list of potential non-miRNA gene biomarkers. The study of dysregulated miRNAs in neurodegenerative diseases and their associated targets may also aid in RNA-based therapeutics. As described above, one highly attractive therapeutic target is miR-34, which has been shown to be upregulated during aging in C. elegans, Drosophila, and in vertebrates (30, 38, 40) . In addition, one specific miR-34 isoform, miR-34c, is associated with neurodegeneration in Drosophila and with memory deficits in a mouse model of AD (38, 40) . In a proof-of-concept for a possible therapeutic approach for AD-associated miRNAs, researchers successfully reversed memory deficits in AD mice by injecting these animals with miR-34 seed inhibitors (40) . While this experiment does not address challenges such as the specificity of miRNA silencing (for example, how to specifically target only one miR-34 isoform instead of all miR-34 family members) and delivery difficulties, it clearly establishes a proof-of-principle for approaches to possible therapeutics involving AD-associated miRNAs. Importantly, these approaches will benefit from similar approaches being tested in therapeutics of cancer-associated miRNAs (60) . The progress of RNA-based therapies is more evident in hereditary neurodegenerative diseases compared to sporadic neurodegenerative disorders. In AD, RNA-based silencing of the amyloid and BACE1 pathways showed improvement in disease phenotypes (25) . Miller et al. (61) designed small interfering RNAs (siRNAs) mainly against tau and APP because of their important role in the pathogenesis of inherited and sporadic AD. The tau protein is a key component of neurofibrillary tangles in the AD brain and cleavage of APP forms Aβ, the main constituent of senile plaques in AD brain. Both neurofibrillary tangles and senile plaques are hallmarks of AD. Researchers have reported that they have developed siRNAs that can be effective in silencing wild-type tau and APP and also mutant APP (Swedish double mutation APP/APPsw) and a tau mutant (V337M) associated with frontotemporal dementia with Parkinsonism linked to chromosome 17/ FTDP-17. However, this RNAi therapy needs in vivo testing using animal models of AD. Also, the main challenge of siRNA therapy is the delivery of siRNA to the appropriate neurons. This can be overcome by the development of better expression plasmids, but the long-term safety of chronically co-opting the RNAi pathway to target genes remains uncertain. The in vivo RNAi studies using animal models of AD might provide answers to these questions (61) . Another study has reported that RNAi silencing of APP adaptor proteins such as ShcA (SHC1), ShcC (SHC3), and Fe65 (APBB1) have effects on APP processing and Aβ production (62) . These APP adaptor proteins bind through their phospho-tyrosine-binding domains with the conserved YENPTY motif in the APP-C terminus. APP-C-terminal fragments -APP-C99 and APP-C83 are formed by cleavage of APP by BACE and α-secretase. These C-terminal fragments are cleaved further to form Aβ and p3 by γ-secretase. Aβ is an important component of senile plaques in AD brain and p3 promotes apoptosis. Studies have shown that the RNAi silencing of ShcC decreased APP C-terminal fragments and Aβ levels in H4 human neuroglioma cells overexpressing full-length APP (H4-FL-APP cells), but not in cells expressing APP-C99 (H4-APP-C99 cells) (62) . RNAi silencing of ShcC also reduced BACE levels in H4-FL-APP cells (62) . While RNAi silencing of ShcA did not have an effect on Aβ levels in H4-FL-APP Cells, RNAi silencing of Fe65 did increase APP-CTF levels and decreased Aβ levels in H4-FL-APP cells. These results strongly suggest that pharmacologically blocking the interaction of APP with Fe65, ShcC, and other APP adaptor proteins might be a novel therapeutic approach for AD (62) . Indeed, in a study of in vivo RNAi silencing, researchers used lentiviral vectors to deliver BACE1 siRNA in APP transgenic mice and observed a decrease in amyloid production and in neurodegeneration (63) . This promising result, and others listed here, suggests that miRNAs, their targets, and RNAi-based technologies may hold promise as new avenues of treatment for AD.
Conclusion
miRNAs have significant roles in aging and stress resistance and are emerging as important in neurodegenerative diseases such as AD. miRNAs are abundant in brain and highly stable in biofluids and regulate several pathways that influence the onset and progression of neurodegenerative diseases. Hence, miRNAs serve as promising new biomarkers or as a base for future treatment of AD. Future studies will help to better understand molecular mechanisms behind the regulatory role of miRNAs in neurodegenerative diseases, to validate their role as biomarkers and to develop novel pharmacological strategies for better clinical management of AD. 
